A unique type of homopolymer is introduced in this report as a versatile carbon precursor for the templatefree synthesis of porous nitrogen-doped carbons. A poly(ionic liquid) polymer, poly[3-cyanomethyl-1vinylimidazolium bis(trifluoro methanesulfonyl)imide], when carbonized under nitrogen at intermediate temperatures (500-800 C) produced readily micro/mesoporous nitrogen-doped carbons without a template or activation agent. Here, the polymer backbone acts as the carbon precursor as well as the nitrogen source, while the bulky counterion plays a role as a molecular template. The carbonization temperature and the heating program were found to play central roles in determining the specific surface area and the nitrogen content in the final materials. Combining this phenomenon with the superior processability of polymers, porous nitrogen-doped carbon nanotubes loaded with Fe 2 O 3 nanoparticles and porous carbon films with tunable thickness were made. The application of Fe 2 O 3 loaded carbon nanotubes in oxygen reduction reaction and the porous carbon film in aqueous dye absorption was demonstrated.
Introduction
Carbon is a fascinating element due to its variety of structural forms with rather different yet unique and tunable physical and chemical properties. 1 The application spectrum of carbon and its composites is very broad and covers many aspects of materials science. [2] [3] [4] [5] [6] [7] [8] [9] [10] Porous carbons are of special interest, because the large surface area facilitates the interfacial mass/energy transport and are thus very important for applications such as adsorbents, catalyst supports, sensors, lithium battery cathodes, supercapacitors, to name just a few. [11] [12] [13] [14] [15] [16] [17] [18] [19] [20] [21] [22] [23] [24] [25] For a long time polymers have been used as precursors to produce high-value and high-performance carbon materials. The demand for polymeric carbon precursors stems from the convenient preshaping possibility of the carbon precursor. For example, industries have made use of cellulose and polyacrylonitrile bers for the production of carbon bers with high exibility and tensile strength yet low weight and thermal expansion. These polymer processing techniques allow for the shaping of carbon precursors into desirable morphologies and architectures that are kept in the nal carbon products. [26] [27] [28] Other common polymers used as carbon precursors include polyaniline, polyimide, polystyrene, polydivinylbenzene, polyvinylpyridine, polypyrrole, polythiophene, and some more. 29 Ionic liquids (ILs) are substances consisting of organic cation(s) and anions(s) and melt below 100 C. They have been studied for nearly one century due to their unique physicochemical properties. Poly(ionic liquid)s, also termed polymerized ionic liquids (PILs), usually synthesized via straightforward chain polymerization of monomeric ILs, [30] [31] [32] [33] [34] are a subclass of polyelectrolytes bearing a repeating unit being an IL in its nature. Recent interest in PILs expands rapidly in the elds of polymer and materials science. [35] [36] [37] [38] [39] [40] [41] [42] The incorporation of IL moieties into the polymer chain is motivated to transport some of the unique characters of ILs to the polymeric state, creating new functions and applications. 41, [43] [44] [45] [46] [47] Very recently, PILs have been proven to be capable of acting as a unique class of carbon source. 44, 45, [48] [49] [50] Under the same carbonization conditions PILbased carbons are superior to that from other polymers because of their relatively high structural nitrogen content which can improve the electric and catalytic performance of carbon. [51] [52] [53] [54] In this contribution, we report on the template-free synthesis of micro/mesoporous nitrogen-doped carbons from a PIL polymer, poly[3-cyanomethyl-1-vinylimidazolium bis(triuoro methanesulfonyl)imide] (PCMVImTf 2 N), under nitrogen between 500 and 1000 C. This was in turn applied to make Fe 2 O 3 loaded porous carbon nanotubes and porous carbon lms. Their applications in oxygen reduction reaction and dye sorption were demonstrated. It should be noted that such a selftemplating character of homopolymers for porous carbon production has not been reported so far. From a structural point of view, nanostructured bulk block copolymers, one component of which serves as the porogen and the other as a carbon source, might form porous carbon but under very strict conditions. The PIL polymer used here is a structurally simple homopolymer. It was easily prepared via conventional free radical polymerization of an IL monomer 3-cyanomethyl-1-vinylimidazolium bromide (CMVImBr) in DMSO at 90 C using AIBN as the thermal initiator, followed by an anion exchange step. The synthetic route and the chemical structures of the IL monomer and the PIL polymer are illustrated in Scheme 1.
Experimental section and characterization
Materials 1-Vinylimidazole (99%), bromoacetonitrile (97%), potassium bromide (99.0%), lithium bis(triuoro methanesulfonyl)imide (99.95%), and iron(III) nitrate (99%) were obtained from Sigma-Aldrich and used without further purication. 2,2 0 -Azobis(2methylpropionitrile) (98%, Aldrich) was recrystallized from methanol. The ionic liquid monomer, 3-cyanomethyl-1-vinylimidazolium bromide (CMVImBr), was prepared according to our previous paper. 45 The solvents and other materials were used as received.
Polymerization of CMVImBr monomer
8.4 g of CMVImBr monomer and 160 mg of AIBN were dissolved in 100 ml of DMSO in a 250 ml Schlenk ask. The solution was degassed by high vacuum and backlled with argon. The polymerization was conducted at 90 C overnight. Aer cooling down, the reaction mixture was puried by precipitating twice in acetone. A light yellow solid was obtained and dried at 60 C under vacuum to a constant weight. Yield: 85%. Anion exchange of the monomer and PCMVImTf 2 N polymer 20 g of CMVImBr monomer was dissolved in 200 ml of water. 200 ml of an aqueous solution of 1.05 equivalents of lithium bis(triuoro methanesulfonyl)imide was added under vigorous stirring. An oil phase formed immediately and the stirring was continued for 1 h. The bottom oil phase was separated from the upper aqueous solution, washed with pure water several times and dried at 40 C under high vacuum (1 Â 10 À3 mbar) to a constant weight. Yield: 76%. 1 H-NMR (DMSO-d 6 , d, ppm): 9.5 (1H), 7.9 (1H), 7.5 (1H), 7.2 (1H), 5.9 (1H), 5.6 (2H), 5.5 (1H). 20 g of poly(3-cyanomethyl-1-vinyl imidazolium bromide) (PCMVImBr) was dissolved in 800 ml of water under gentle heating. Aer cooling down, 400 ml of an aqueous solution of 1.05 equivalents of lithium bis(triuoro methanesulfonyl)imide was added under vigorous stirring. The precipitate was separated by ltration, washed with pure water several times and dried at 60 C to a constant weight under high vacuum (1 Â 10 À3 mbar). Yield: 92%.
Carbonization process
In a typical experiment, 500 mg of IL monomer or PIL polymer was loaded into an alumina crucible. The sample was heated under nitrogen to a desired temperature (10 C min À1 ) and maintained at the nal temperature for 1 h. Aerward, the oven was slowly cooled down to room temperature.
Preparation of micro/mesoporous nitrogen doped carbon nanotubes
PCMVImTf 2 N solution in DMF (10 wt%) was dropped on AAO template membranes (Anodic 25, Whatman) for 15 min to inltrate the PCMVImTf 2 N solution onto the wall of AAO channels, and the superuous PIL solution on the AAO surface was gently wiped out by tissue paper. Subsequently, the PIL inltrated AAO was heated under nitrogen to 800 C (10 C min À1 ) and kept at 800 C for 1 h. Aer cooling down, carbonized PIL/AAO membranes were soaked in 1 M HCl to remove the templates, and thoroughly washed by water to obtain carbon nanotubes.
Preparation of Fe 2 O 3 loaded nitrogen doped carbon nanotubes
The carbonized PIL/AAO membranes were soaked in an aqueous solution of iron(III) nitrate (15 wt%) for 3 h, during which degassing was applied to facilitate the inltration of iron salts into carbon nanotubes inside the AAO membrane. Aerwards, PIL/AAO membranes were washed and dried at 80 C for 30 min. The sample was then heated from 20 C to 400 C at 2 C min À1 under nitrogen, during which the sample was maintained at 140 C for 6 h and 400 C for 3 h. The nal products were soaked in NaOH (1 M) to remove the AAO templates, and washed with water several times to obtain Fe 2 O 3 loaded carbon nanotubes.
Preparation of a micro/mesoporous nitrogen doped carbon lm
PCMVImTf 2 N solution in acetonitrile (0.5-2 wt%) was spin coated onto potassium bromide (KBr) disks. Aer drying, the disks were heated under nitrogen to 600 C (10 C min À1 ) and carbonized therein for 1 h. Aer cooling down, the carbonized KBr disks were placed in a clean Petri dish, into which water was added gently. KBr was dissolved soon aer the addition of water, leaving a round shaped carbon lm.
Characterization methods

H nuclear magnetic resonance ( H-NMR) measurements were
carried out at room temperature using a Bruker DPX-400 spectrometer operating at 400.1 MHz. DMSO-d 6 and D 2 O were used as solvents. Elemental analysis was performed for carbon, hydrogen, sulfur and nitrogen using a Vario EL Elemental analyzer. X-ray diffraction experiments were done with a Bruker D8 diffractometer using Cu K a radiation (l ¼ 0.154 nm) and a scintillation counter. Nitrogen sorption measurements were performed with a Quantachrome Autosorb-1 at liquid nitrogen temperature. The specic surface area and pore size distribution were calculated using the Brunauer-Emmett-Teller (BET) equation, and the density functional theory (DFT) method, respectively. Samples were degassed at 120 C for 20 h prior to BET measurements.
Transmission electron microscopy (TEM) was performed on a Zeiss EM 912 Omega microscope operating at 120 kV. Scanning electron microscopy (SEM) was performed on a GEMINI LEO 1550 microscope at 3 kV. Field emission scanning electron microscopy (FESEM) was performed on a LEO 1550-Gemini instrument. The samples were loaded on carbon coated stubs and coated by sputtering a Au-Pd alloy prior to imaging.
The electrocatalytic activity towards the oxygen reduction reaction (ORR) was investigated using a Gamry rotating disk electrode setup conducted with a Gamry reference 3000 potentiostat. Cyclic voltammetry (CV) and linear sweep voltammetry (LSV) were carried out in 0.1 M KOH. Prior to measurement the electrolyte was purged for 20 min with inert gas (N 2 ) and reactive gas (O 2 ), respectively. Electrocatalytic reduction kinetics was evaluated applying the Koutecky-Levich equation on the rotational speed dependent currents at a potential of À0.35 V vs. Ag/AgCl.
Results and discussion
In an initial attempt, the carbonization of the ionic liquid monomer CMVImTf 2 N and the PIL polymer PCMVImTf 2 N were conducted parallelly under the same conditions to ensure direct comparability. The heating rate was xed at 10 C min À1 to approach a desired nal temperature (350-1000 C), and then kept at this temperature for 1 h. The obtained products were characterized by nitrogen sorption and elemental analysis measurements ( Table 1 and Fig. 1 ). As expected, the carbonization yield (weight ratio of the residue to the starting material) drops with increasing temperatures (Fig. 1A) . The biggest weight loss step, 22-23 wt%, occurred between 350 and 500 C, beyond which the mass loss is relatively slow and smooth. At 1000 C, the highest temperature tested in our experiments, still 20 wt% of the residue was obtained. Such a high yield can be explained by the superior thermal stability of the ionic liquid moieties in PCMVImTf 2 N.
The specic surface area (S BET ) of the carbon products derived at 350 C from both the IL monomer and PIL polymer is rather low (<10 m 2 g À1 ) ( Fig. 1B) , i.e. a non-porous material. A larger S BET value close to 600 m 2 g À1 was obtained via carbonization of both CMVImTf 2 N monomer and PCMVImTf 2 N PIL at 500 C. An even higher S BET value of 750 m 2 g À1 was obtained for both samples at 600 C, beyond which it decreases again. This indicates that the pores developed at 600 C collapse partially at higher temperatures. In general, the carbon samples from the IL monomer and the corresponding PIL polymer show very similar nitrogen sorption isotherms between 350 and 800 C, which indicates that the pore formation feature of PIL at these temperatures essentially stems from its constructing unit, the IL monomer. At 1000 C, the S BET value of the PIL sample drops to only 35 m 2 g À1 , while that of the CMVImTf 2 N monomer is still reasonably as high as 219 m 2 g À1 . Following the S BET value, the highest nitrogen content (24.9% for the monomer sample and 23.9% for the PIL sample) was found at 600 C and a decrease of that at other carbonization temperatures. In the nitrogen content vs. carbonization temperature curve (Fig. 1C) , the PIL samples show temperature dependence very close to the monomer samples. From this point of view, it is proven again that the carbon forming process of the PIL polymer is determined by its IL monomer. The origin of the unusual high S BET values of the carbon materials from the IL monomer and the PIL polymer at intermediate temperatures is believed to stem from the generation of certain porous network structures. The nitrogen sorption isotherms of the PIL-based carbon products prepared at temperatures from 350 to 1000 C are shown in Fig. 2 . It is clearly seen that at 350 C and 1000 C the materials are nonporous or poorly porous. Between both, microporous carbons with a slight fraction of mesopores were observed. These isotherms are similar to those obtained from the monomer (ESI, Fig. S1 †) , supporting that the pore formation mechanism is very much the same. The pore size distribution curves of the carbon products prepared from the monomer CMVImTf 2 N and PIL PCMVImTf 2 N at 600 C with the highest S BET values are shown in Fig. 3 . Indeed micropores below 2 nm are the dominant pore species and very small mesopores in the range of 2-5 nm coexist. Mesopores larger than 5 nm and macropores are essentially absent. We suppose that the formation mechanism of the micro/mesopores is similar to that reported by Dai et al. 55 It was suggested that the cyano group in the chemical structure of the monomer and polymer underwent trimerization reaction at medium temperatures (>350 C), rst producing a solid triazine-based polymeric network. The largesized [Tf 2 N] À anions are trapped in the matrix, and leave the pore structures in the subsequent volatilization of this entity. Products aer this point are poor in CF 3 and sulfur, thus proving the role of the counterion as a molecular template. In addition, the carbonization of PIL with Br À anion (PCMVImBr) failed to produce any porous structure in this approach, providing an indirect proof that the [Tf 2 N] À anion indeed acts as the template. The small fraction of mesopores, the size of which is beyond the [Tf 2 N] À template, is believed to come from the distorted carbonaceous framework. This is caused by the geometric restriction exerted by the polymer backbone, i.e. not all cyano groups can freely adopt the necessary spatial arrangement for the trimerization reaction.
In the next step, we focused on the improvement of the porous structure of the nitrogen doped carbons prepared from PCMVImTf 2 N at elevated temperatures, such as 1000 C. At this temperature, the carbon structure rearrangement is promoted and the graphitic phase is much better developed, which might improve their physical properties (conductivity, chemical stability, etc.) accordingly. For example, the electric conductivity of carbon products from an IL compound 3-ethyl-1-methylimidazolium dicyanamide at 1000 C was nearly two orders of magnitude higher than that at 800 C. 56 In our system, we monitored the evolution of the crystalline carbon structure via X-ray diffraction (XRD) measurements. As shown in Fig. 4A , the diffraction peaks at 25, 44, and 80 corresponding to the (002), (100) and (110) reection planes are clearly visible in the carbon sample prepared at 1000 C. The appearance of the (110) band is usually considered as a proof of triperiodic order and consequently of a real graphitic phase. At low temperatures of 800 C or 500 C, the diffraction peaks are unfavorably broader and the (110) reection plane eventually vanished, indicating poor crystallinity and the absence of a long range structural order. A drawback in synthesizing porous carbons at 1000 C via this template-free PIL route is the rather low S BET value, only 35 m 2 g À1 .
To overcome this problem, optimization of the carbonization conditions was conducted. We found that by enabling the triazine network fully developed rst at intermediate temperatures before the graphitizing temperature can effectively increase the overall specic surface area. For example, when PCMVImTf 2 N was rst heated to 600 C (10 C min À1 ), kept for 1 h at 600 C and then heated further to 1000 C (40 C h À1 ), the S BET value signicantly increased to 520 m 2 g À1 . In another run, when PCMVImTf 2 N was dwelled for 1 h at 800 C before further heating to 1000 C, a S BET value of 403 m 2 g À1 was obtained. In both cases, the S BET increased by more than one order of magnitude without affecting the nitrogen content. From the nitrogen sorption isotherms (Fig. 4B) , both micropores and mesopores are present in these two examples. Compared to the nitrogen sorption isotherms in Fig. 2 , the mesopores in Fig. 4B are more pronounced. Indeed, by a short dwelling time at intermediate temperatures, this method can deliver micro/ mesoporous nitrogen-doped carbons with a large S BET value in a broad temperature range, even at 1000 C.
Being a polymer in nature, PILs are mechanically more stable than the ILs and can be easily processed into designable shapes and forms. 48 Combining this character with the pore forming property of PCMVImTf 2 N, one can generate shaped micro/mesoporous nitrogen-doped carbon materials in one step. Here we demonstrate this potential with two examples, carbon tubes and lms. The preparation of porous carbon nanotubes was conducted using AAO membranes (200 nm in channel size) as templates. The inner channel of AAO was lled with a PCMVImTf 2 N solution in DMF. As PILs are surface active materials, as demonstrated recently by Texter et al., 36, 57 they formed a thin coating on the inner wall surface. The thickness is in fact tunable via the polymer concentration. The PIL lm was then converted to carbons in situ during the carbonization, and the carbon product aer AAO removal was characterized by TEM and SEM. As shown in Fig. 5 , micron meter long carbon nanotubes with a diameter of 200 nm and a wall thickness of 5 nm were obtained from a 10 wt% PCMVImTf 2 N solution. The tubular shape and their sizes therefore indicate a good replication of the AAO template. Interestingly, the tubes self-stabilize themselves by the formation of periodic cross-layers, which of course is not part of the original template. The specic surface area of these tubes was measured to be 400 m 2 g À1 . The pore size distribution curve derived from the isotherms proves the existence of micropores coexisting with small mesopores, similar to that of the bulk PIL sample in Fig. 3 . It should be mentioned that the IL monomer CMVImTf 2 N when processed in the same manner also gave a tubular structure, but with a rather lower yield and more irregular structures compared to the PIL approach. These tubes can be used as carrier systems for metal oxide nanoparticles, here exemplied with Fe 2 O 3 nanoparticles. Firstly, the composite of carbon nanotube/AAO membrane was immersed in an aqueous solution of Fe(NO 3 ) 3 to allow for the inltration of iron(III) nitrate into the carbon nanotube interiors under vacuum. Aer removal of the remainder solution on the outer surface, Fe 2 O 3 nanoparticles were synthesized in situ by thermal decomposition at 400 C under nitrogen. The AAO template membrane was removed via chemical etching, producing a carbon composite material (CNT@Fe 2 O 3 ). As shown in the TEM micrographs in Fig. 5E and F, particles with diameters of ca. 5 nm were indeed formed and distributed densely inside the porous carbon nanotubes only (ESI, Fig. S2 †) . These nanoparticles, which account for a weight content of ca. 70 wt% in the composites, are composed of both maghemite and hematite (ESI, Fig. S3 †) . The S BET of the CNT@Fe 2 O 3 composites is ca. 250 m 2 g À1 , which is consistently lower due to the incorporation of nonporous Fe 2 O 3 nanoparticles.
The morphological structure of micropore containing tubes brings advantageous properties for application in elds such as separation and catalysis, where mass transport plays a crucial role. Interdigitation of the tubes creates macroporous transport "highways" whereas the micropores enhance the active surface area. Carbon nanotubes are commonly used as support materials in electrocatalysis, where they prot also on their high electronic conductivity and thermal stability. In fact nitrogen doped carbons and also Fe 2 O 3 nanostructures were successfully applied as catalysts for the oxygen reduction reaction (ORR), which takes place in the cathode reaction of polymer-electrolyte membrane fuel cells (PEMFCs) and Li-air batteries. For the sake of demonstration, we conducted electrocatalytic ORR tests using a standard rotating disk electrode setup. Herein a thin lm of CNT@Fe 2 O 3 composites was prepared on a glassy carbon rotating disk electrode and subjected to electrochemical investigation. Cyclic voltammograms recorded with a scan speed of 100 mV s À1 were measured with and without the presence of oxygen. In the rst case the characteristic redox currents of Fe 2 O 3 can be observed, whereas in the presence of oxygen an additional cathodic peak at $À0.4 V vs. Ag/AgCl can be observed. The peak can be assigned to the reduction of oxygen clearly demonstrating the electrocatalytic activity of CNT@Fe 2 O 3 composites towards the ORR (Fig. 6A) . The result demonstrates the straightforward synthesis of electrocatalytically active materials in an application adapted design. It has to be underlined that the synthetic route allows for gradual variation of parameters such as conductivity, nitrogen content and nature of the deposited catalyst, retaining the overall morphology. Therefore we created a tool to allow the study of single parameters in a complex material system.
To further investigate the nature of the reaction, which likewise can be the formation of water in a four electron reaction or the formation of hydrogen peroxide in a two electron reaction, linear sweep voltammograms were recorded in an oxygen-saturated electrolyte at different rotational speeds (Fig. 6B) . A characteristic feature of the polarization curves is a missing plateau region at high overpotentials, which we regard as an indication of the good transport of reactants enabled by the materials morphology. Employing the Koutecky-Levich equation for the rotational speed dependent currents at a potential of À0.35 V vs. Ag/AgCl with the result of n ¼ 3.9 reveals a high selectivity towards the here preferred four electron reaction pathway using CNT@Fe 2 O 3 composites as catalysts.
In the case of porous carbon lms of various thicknesses, spin-coating of a PCMVImTf 2 N solution in acetonitrile (0.5-2 wt %) was conducted. KBr disks instead of silicon wafers were utilized, because KBr is insoluble in acetonitrile (#0.02 wt%), thermally stable in a solid form up to 734 C and easily removable by washing with water. The spin-coated KBr disks were carbonized at 600 C, similar to the bulk PIL samples. The lm thickness can be effectively controlled by the spin-coating process, e.g. by the polymer concentration and the spin rate. In our experiment, the thinnest carbon lm achieved via this method is ca. 50 nm. Fig. 7A shows the carbonized PIL thin lm prepared on the KBr substrate prepared from a PIL solution at a low concentration. A freestanding lm (Fig. 7B) was obtained when the KBr disk was dissolved in water. SEM characterization in Fig. 7C and D shows that the lm is largely homogeneous and planar. Pleats are also observed, which is typical for very thin, exible lms (ESI, Fig. S4 †) . It must be emphasized that these are special carbon lms, where the doping of nitrogen and the micro/mesopore structure introduce extra value. An exemplary application of such lms in dye sorption was conducted by using a thicker carbon lm (100 mm in thickness) prepared from a concentrated PIL solution. Fig. 7E shows that methyl orange dye molecules were removed effectively by the carbon lm, conrming not only the existence of the highly porous structure but also its accessibility to small molecules.
Conclusions
In conclusion, we demonstrated that a homopolymer PIL, poly[3-cyanomethyl-1-vinylimidazolium bis(triuoro methanesulfonyl)imide], could be applied as a precursor for micro/ mesoporous nitrogen doped carbons. The polymer backbone acted as the material source, while the bulky counter-anion played a role as a molecular template. The effect of the carbonization temperature and the heating program on the formed porous carbon was studied in detail. Under optimized conditions, porous graphitic nitrogen doped carbons were accessible at 1000 C. Carbons of tubular shape and lm morphologies with micro/mesopores were readily obtained via different polymer processing techniques, essentially all in a one-step procedure. The porous carbon nanotubes loaded with Fe 2 O 3 nanoparticles and the porous carbon lm were applied as catalysts for oxygen reduction reactions and as sorbents for organic dyes in aqueous solution, respectively. Taking into account the versatility of polymer chemistry, the present data can be extended to a variety of carbon nanomaterials with hierarchical pore structures and expanded functions. 
